Abstract. Extracorporeal shock wave lithotripsy (ESWL) has been used widely in the noninvasive treatment of kidney calculi. The fine fragments less than 2 mm in size can be discharged by urination, which determines the success of ESWL. Although ultrasonic and fluorescent imaging are used to localize the calculi, it's challenging to monitor the stone comminution progress, especially at the late stage of ESWL when fragments spread out as a cloud. The lack of real-time and quantitative evaluation makes this procedure semi-blind, resulting in either under-or over-treatment after the legal number of pulses required by FDA. The time reversal operator (TRO) method has the ability to detect point-like scatterers, and the number of non-zero eigenvalues of TRO is equal to that of the scatterers. In this study, the validation of TRO method to identify stones was illustrated from both numerical and experimental results for one to two stones with various sizes and locations. Furthermore, the parameters affecting the performance of TRO method has also been investigated. Overall, TRO method is effective in identifying the fragments in a stone cluster in real-time. Further development of a detection system and evaluation of its performance both in vitro and in vivo during ESWL is necessary for application.
INTRODUCTION
The extracorporeal shock wave lithotripsy (ESWL) has been a popular method to break kidney stone for thirty years 1, 2 . The main mechanism is using stress and cavitation induced by shock waves to break stones into fine fragments (< 2 mm in diameter) which can be discharged by urination 3 . However, re-sessions and renal injuries (i.e., hematuria, formation of diffuse hemorrhage and multiple hematomas within the renal parenchyma, perirenal fat and subcapsular connective tissue a well as kidney edema) are commonly accompanied with ESWL 4, 5 , which may be due to the lack of effective and quantitative monitoring modality for the stone comminution in real time. Currently, X-ray and ultrasonic B-scan imaging are used to diagnose kidney stone and check its fragmentation during ESWL 6, 7 . However, both of them cannot provide sufficient information on the outcome in real time, especially at the late stage of ESWL when fragments spread out as a cloud. Thus the stone patients will undergo the legal number of shock waves required by the US Food and Drug Administration (FDA). This semi-blind procedure may result in either under-(remaining stones for re-sessions) or over-treatment (more renal injury).
Besides the diagnostic methods, acoustic emission and scattering signals were also picked up passively to evaluate the process of ultrasound treatment 8, 9 . Due to the random characteristics of bubble cavitation, the acoustic emission signals in ESWL are unstable. The time reversal operator (TRO) method provides the ability to detect point-like scatterers, and the number of non-zero eigenvalues of TRO is equal to that of the scatterers 10 . The feasibility of applying TRO method to identify stones and the optimal configuration were investigated in this study. Both numerical and experimental results provided the validation of TRO method. 
METHODS
The TRO method relies on the transfer matrix, K, between transmitted and received signals as
(1) where is the frequency, R and E are the received and transmitted signals, respectively. The number of non-zero eigenvalues of the matrix K(ω)*⋅K(ω) is correlated with the number of scatterers. The discrete expression of the transfer matrix K could be determined in an iterative process:
where L is the number of transmit-receive transducers. If only one pulse, such as a 5-cycle sinusoidal wave, is used, the equation above could be simplified as
where L' is the number of sensors. Subsequently, the processing time will be decreased significantly.
Both calcium oxalate monohydrate (COM, =2038 kg/m3, c=4535 m/s) and stainless steel (SS, =8000 kg/m3, c=5740 m/s) balls were used in the simulation. A 5-cycle planar low-intensity pulsed ultrasound (LIPUS) burst hits the stone targets from the left and a a sensor array is positioned in a circular with the stone at the center and radius of 45 mm as shown in Fig. 1 (a). The acoustic field was simulated using the k-wave method, and matrix operation was run in Matlab (MathWorks, N. Nortick, MA, USA). In addition, experimental results were collected and then compared with the numerical ones. Here, only stainless steel balls were used. The experimental setup is shown in Fig. 1 
RESULTS
Eigenvalues were normalized by the first and largest one and higher order ones can be ignored in our study because of the low value (< 10 -10 ). The threshold of 0.146 was set to filter the noise in the experiment, which was determined from the spread distance of statistical results with signal-to-noise ratio (SNR) of 15 dB. In Various sensors with different numbers and positions were tested first for the optimal setting. For stone(s) positioned axially symmetric, arrays at the top, bottom, and both sides achieve the same eigenvalues. Results show that sensors covering from 30 to 150 can identify one stone and two axial/lateral stones at the frequency from 0.25 MHz to 2.5 MHz. This set is preferred because it can pick up all scattering fields, but avoid main reflection and diffraction waves (see Fig. 3 ). The resolution of detecting two axial stones increases with the frequency and gap (see Fig. 4a ). In contrast,
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although the resolution for two lateral stones increases with the frequency, but not the gap (see Fig. 4b ). High-frequency waves have less diffraction and more non-divergent beam incident on the stones than low ones, so their detection resolution is high. Both stones located laterally can be exposed by LIPUS without blockage regardless of the gap between them. In contrast, but the rear stone located axially, especially in small size and gap, will generate much less scattering field. Therefore, the key to identify stones is that individual fragment should generate sufficiently large scattering signals for measurement. In addition, two stones with different sizes were also simulated (see Fig. 5a ). It shows that if the small stone is blocked and cannot generate the sufficient scattering beams, such as a smaller one aligned behind a large one in the axis, the detection reliability and resolution will become worse (even below the threshold of reliable eigenvalue measurement, 0.146). In contrast, if two stones are aligned laterally, there is no significant difference in the detection resolution and location of the sensor array, either at the same or opposite side of the small one. Fig. 5b shows that two stones with the same size (1-8 mm) can always be identified. 
DISCUSSION
In this study, the TRO method has been evaluated both numerically and experimentally. Results showed a promising capacity of identifying stones. Stones with gap as small as 0.5 mm (Fig. 4a) and diameter as small as 1 mm (Fig. 5b) can be distinguished successfully and reliably. It implies that TRO method may have ability to identify cloudy cluster of fragments which becomes blurred in the current fluoroscopic and ultrasonic images during ESWL and cannot discern the large fragments and evaluate the stone comminution efficiency. However, application of the TRO method to multiple scatters are still under investigation to estimate the size distribution of fragments.
The ordinary targets of the TRO method are point-like scatterers. However, the stone fragments in this study are considered as rigid bodies, which leads to the increased complexity of the scattering field. For example, the scattering field of a spherical rigid ball is the summation of Legendre's and Bessel's function of cosθ and (ka), respectively, where θ is the scattering angle, k is the wave number and a is the radius of the ball. Theoretically, eigenvalues , of the TRO matrix are 150004-4
where C is the reflectivity of each scatterer, H is the wave propagation matrix, and D is the number of scatterers. It implies that identical scatterers should have the same eigenvalues. However, two stones with the same diameter positioned laterally, which yields a spatial symmetry, still have difference between the first and second eigenvalues (see Fig. 5b ). The reason may be the inacurrate description of the wave propagation matrix in the TRO algorithm. In order to solve it, the multiple signal classification (MUSIC) algorithm 11 , which has more specifics of spatial propagation, will be tried in the near future.
Focused shock wave could be used as the sound source for the generation of scattering waves from stone fragments. However, the analysis of echo signals is more complicated. Although the acoustic emission due to bubble collapse can be filtered out in the time domain (>100 s), the quick collapse of small bubbles (<20 s) around stone surface by the compressive component of lithotripter shock wave and the scattering of existing bubbles along the path of wave propagation will also serve as emission sources.
CONCLUSIONS
Only one non-zero eigenvalue for a single stone showed the stability of TRO method. Our algorithm can also figure out the presence of two stones in different sizes and locations. Various sets of sensor array, the positions of the stones, and frequencies of incident waves were tested for the optimal configuration. Frequency of incident wave determines the scattering field, and subsequent detection outcome. High frequency provides better resolution. The location of the sensor array is important in reliable and accurate stone detection, and the best location of sensor array was found to be 30 ~ 150 , which can measure most scattering field, but avoid the main wave reflection and diffraction. As long as the stone fragment can generate the sufficiently strong scattering, it can be detected. Otherwise, the TRO method has poor performance Because of the short computation time, the TRO method has good capacity of real-time application during ESWL treatment.
